We have examined magnetotelluric (MT) data from the Juan de Fuca plate and the Tasman Sea to understand the influence of galvanic distortion by local and regional topography. Galvanic (non-inductive) distortion, caused by the build up of charge along conductivity gradients, is present in both regions. Its effects can be removed by decomposition of the impedance tensor assuming that both electric and magnetic field distortion are present. Unlike for most land-based data, magnetic field distortion is necessary to explain the seafloor data. Electric field distortion parameters resulting from the full decomposition can be interpreted equivalently in terms of either 2-D or 3-D distorting bodies, but these interpretations cannot be differentiated using MT observations alone. The data are compared to the overall geology to determine whether 2-D or 3-D distortion is more probable. The electric field distortion parameters in both locations behave appoximately frequency-independently, as expected for galvanic distortion. When interpreted in terms of 2-D distorting bodies, the superficial strikes were found to parallel the trends of coastlines and large-scale submarine features (e.g. mid-ocean ridges). This suggests that distortion both in the Tasman Sea and on the Juan de Fuca plate is dominantly galvanic and appears to be caused by regional, large-scale, 2-D features rather than small-scale, 3-D distorting bodies.
Introduction
In practice, MT data can often be described by a 1-D or 2-D regional structure coupled with surface 2-D or 3-D distortion. Galvanic distortion of the electric field is caused by the build up of electric charge along conductivity gradients associated with small-scale (compared to the dominant induction scale), near-surface bodies, and affects the electric field at all periods (e.g. Jiracek (1990) ). Deflection of regional electric currents by these charges can also distort the magnetic field, especially at high frequencies (e.g. Ferguson et at. (1990) ). While magnetic field distortion is not pervasive in land-based data, it is ubiquitous on the seafloor where the highly conductive ocean results in intense electric currents which are strongly influenced by charge accumulation on resistive seafloor features. The electric and magnetic fields are affected at all periods and result in observed impedance tensors which are complicated mixtures of the regional terms.
The effects of this local distortion must be removed to model the underlying regional structure. If the geometry and conductivity of the distorting body are known, then the data can be corrected for its influence. However, particularly with seafloor data, this kind of detailed information is not usually available a priori at all of the relevant spatial scales. A more standard way to correct for the distortion is by decomposing the impedance tensor into the product of a set of galvanic distortion tensors and a 1-D or 2-D regional impedance tensor. Groom and Bailey (1989) described this process for electric field distortion, and Chave and Smith (1994) extended their approach to include magnetic as well as electric field distortion. This type of decomposition has been shown to correctly recover the regional strike and two principal impedances, except for a static shift in the case of electric field distortion (Groom and Bailey, 1989) , and a scaling by frequency-dependent, complex factors described by two real constants for electric and magnetic field distortion (Chave and Smith, 1994) . In fact, failure to account for galvanic effects can lead to incorrect or unstable choices of the strike direction (Jones and Groom, 1993) .
These types of tensor decompositions are usually based on a 3-D near-surface distorting body model, and the distortion parameters will reflect this. However, Smith (1995) showed that the distortion parameters can be interpreted equivalently as being due to a 2-D surface body instead of a 3-D one. The regional impedance tensor and misfit are identical for both cases, but the distortion parameters and their interpretation are different. The parameters for 2-D distortion (called superficial strike and superficial anisotropy by Smith (1995) ) can be recovered from the 3-D electric field distortion parameters (twist and shear). There is no way to determine from MT data alone whether or not the distortion is 2-D or 3-D. Some other piece of information, such as geological data, must be used to assess which is more probable. This paper discusses MT data obtained from two distinct seafloor locations-the Juan de Fuca plate and the Tasman Sea. These two locations allow comparison of MT data from an active margin and spreading ridge with data from a passive margin and fossil spreading ridge. Both regions contain relatively straight, large-scale, 2-D structures (e.g. coastlines and spreading ridges) which allow a test of the importance of 2-D distortion. The purpose of this work is to determine how the different margins are reflected in the type of distortion (i.e. galvanic or inductive, electric or electric and magnetic, 2-D or 3-D distorting bodies) and the regional response functions derived by decomposition. 
Geologic Setting
The Juan de Fuca plate is located in the northeastern Pacific, and is subducting under the North American plate at a rate of 20-40 mm/yr (Nishimura et al., 1984) . On the west it is bounded by an active spreading ridge which is opening with a half rate of 30 mm/yr (Delaney et al., 1992) . The plate is approximately 400 km wide, and is overlain by 2500-3000 m of water. The sediment cover ranges from approximately 2 km near the shore to 0 km at the ridge (Winterer, 1989) . The seafloor phase of the ElectroMagnetic Study of the Lithosphere and Asthenosphere Beneath the Juan de Fuca Plate (EMSLAB-Juan de Fuca) was conducted from mid-July to mid-October 1985 (Booker and Chave, 1989) . It consisted of 18 seafloor sites, ten of which utilized horizontal electric field instruments and magnetometers to record the horizontal components of both fields (Fig. 1) .
The Tasman Sea, located between Australia and New Zealand, was formed by a seafloor spreading event from 82-60 Ma (Laird, 1994) . The fossil spreading ridge strikes NNW. The Tasman Sea is approximately 1200 km wide and 5000 m deep. Another interesting submarine feature, in addition to the fossil spreading ridge, is the Lord Howe Rise, which parallels the fossil ridge at a depth of 2500 m and is thought to be altered continental crust (Frey, 1985) . The sediment thickness in the Tasman Sea basin is approximately 500-1000 m (Heezen and Fornari, 1975) . The Tasman Project of Seafloor Magnetotelluric Exploration (TPSME) was conducted in 1983-1984 to study the electrical conductivity beneath the Tasman Sea (Ferguson et al., 1985 (Ferguson et al., , 1990 Lilley et al., 1989) . It consisted of a line of sites that extended from the Lord Howe Rise across the Tasman Sea and onto the continent. Horizontal electric and magnetic field data were collected at six of the nine seafloor sites from early December 1983 through March 1984 (Fig. 2) .
It should be noted that the orientation of the horizontal electric field instruments at sites TP1, TP3, and TP4 were not recorded during the deployment. The orientations were determined by comparing their data to data from site TP5 as described by Lilley et al. (1989) .
Analysis Techniques
Prior to analysis, the Tasman data were high pass filtered to remove the effects of an intense mesoscale eddy which traversed the area during the experiment. The effects of this eddy can be seen in both the electric (Lilley et al., 1986) and magnetic field data at periods longer than a few days. Because of the absence of western boundary currents, data from the EMSLAB experiment did not require this treatment.
The impedances were calculated from the original time series using a robust, controlled leverage, remote reference method with jackknife error estimates. This method is described by Chave and Thomson (1997) . Essentially, robustness is achieved through weighting the data to minimize the effects of values corresponding to large regression residuals. This weighting is therefore data dependent. A remote magnetic field measurement was used to remove bias due to uncorrelated noise (Gamble et al., 1979) . In most cases, the remote site chosen was the nearest seafloor site with magnetic field data. The jackknife was used to compute a nonparametric estimate of the standard error. A discussion of the jackknife method can be found in Thomson and Chave (1991) . The response functions were calculated at discrete frequencies, with frequencies corresponding to the solar daily variation or tides and their harmonics omitted. The impedances were decomposed assuming distortion of the electric and both electric and magnetic fields as described by Chave and Smith (1994) . In this method, the observed response tensor, Z, is decomposed into the product of two electric distortion tensors, twist (T) and shear (S), a magnetic distortion tensor (D), the 2-D regional response tensor, Z2, and a rotation matrix (R) which takes the coordinate system from the observational frame to the regional frame.
where I is the identity tensor. For galvanic distortion, the elements of the distortion tensors T, S, and D are real and frequency-independent. Groom and Bailey's (1989) electric distortion decomposition includes two other parameters-the anisotropy tensor, A, and the site gain, g. However, these parameters cannot be determined from MT data alone and thus are absorbed into the regional response tensor, Z2. The rotation tensor, R, contains a single parameter 0, which is the electrical azimuth or regional strike. The 2-D distortion parameters can be recoverd from the 3-D electric distortion parameters as shown by Smith (1995) . Groom and Bailey's (1989) anisotropy tensor and site gain) can by written as
where t and e are the tangents of the twist and shear angles, respectively (t = tan 0t, e = tan O,). For distortion caused by 2-D surface geology, C is symmetric in all coordinate systems, and can be rewritten equivalently as
where /3s = (ot + (4e)/2, /3y = (Ot -0,)/2 and the constant q -sgn(1/ tangs -1/ tan fy) = f1 keeps the trace (q/ tan/3,-q/ tan /3y) positive. By solving for the eigenvalues and eigenvectors, the 2-D distortion parameters (superficial anisotropy, s,; and superficial strike, a,) are determined (Smith, 1995) The superficial strike is the strike of the distorting body, and is relative to the regional coordinate system (the azimuth). All sites were initially processed individually for electric field distortion only and assuming frequency-dependence of the distortion parameters. When it was verified that the distortion parameters behave in an approximately frequency-independent manner, the constraint of frequencyindependence was imposed on the calculation. After assessing the goodness of fit with the X2 test, the sites were then processed for both electric and magnetic field distortion. Once again, frequency-independence was not imposed on the data until it was apparent that the parameters behave in a frequency-independent manner, as is expected for galvanic distortion. Finally, all sites from a region were processed simultaneously assuming electric and magnetic distortion and frequency-independence to determine a common regional azimuth, but with local distortion parameters distinct to each site. The 2-D electric distortion parameter superficial strike was then recovered from the 3-D electric distortion parameters as described by Smith (1995) .
The goodness of fit of the decomposition was assessed with the k2 test as described by Chave and Smith (1994) . This test is suitable for data that have been processed robustly, and hence have approximately Gaussian residuals. It also has the advantage that significance levels can easily be determined given the degrees of freedom. There are eight degrees of freedom in the complex 2 x 2 MT response tensor. Frequency-by-frequency decomposition for electric field distortion requires seven parameters at each frequency, yielding one degree of freedom and a 95% significance threshold of 3.84. For the case of magnetic and electric field distortion decomposed over a broad frequency band (i.e. by forcing the condition of frequency-independence), the model requires four degrees of freedom per frequency plus the five distortion parameters assumed to be evenly distributed over the band. This yields approximately four degrees of freedom per frequency and a 95% X2 threshold of 9.49.
Results
This section will discuss in detail one site in each region: site se3 from the EMSLAB experiment, and site TP3 in the Tasman Sea. These sites were chosen because they are located near the center of their respective regions and as distant as possible from major bathymetric features, and because the data from these sites are representative of the data from other sites in each region. The discussion will include the different types of distortion models and decompositions, and the use of the X2 test to determine the goodness-of-fit to the data. The final results, simultaneously using all sites, will then be presented and discussed.
EMSLAB site se3 is located at 46°15' N, 126°49.4' W near the center of the Juan de Fuca plate. The elements of the response function for site se3 are shown in Fig. 3 . The x-axis is aligned with true north (which is also approximately the strike of the North American coastline), and the y-axis is aligned with true east. All elements are smooth functions of frequency. The diagonal terms, Z,, and Zy,, are approximately zero, as expected for a 2-D structure. Since the magnitude of both anti-diagonal terms are similar, no strong polarization of the electric field is inferred.
Site se3 was first decomposed for 3-D electric field distortion only, assuming frequency- dependent parameters. The distortion parameters generally appear to be frequency-independent over two bands separated by a broad transition zone at around 1500-9000 s (Fig. 4) . This transition could be due to the ocean and large scale bathymetry serving as the source of distortion at long periods, while the ocean acts more like part of the regional structure at short periods; the transition occurs near the period where the ocean becomes electrically thin. The apparent frequency-independence within these two bands suggests that the distortion is dominantly galvanic. The misfit in the transition zone is very high, with most lying well above the 95% threshold. Forcing the condition of frequency-independence reduces the misfit somewhat. By including magnetic distortion, the frequency-dependent case shows an improved fit and parameters that behave in a frequency-independent manner in two bands separated by a sharp transition at -1500 s. Finally, assuming 3-D electric and magnetic field distortion, the data were forced to be frequency-independent in the two regions separated by a transition at 1500 s. While not all of the misfit falls below the 95% level, it was greatly improved (by an order of magnitude) compared with electric distortion alone. This suggests that magnetic distortion is essential in explaining these seafloor data. Figure 5 shows the results at site se3 after processing all of the sites simultaneously to determine a common regional azimuth. Most of the misfit lies below the 95% threshold. At short periods, the regional azimuth is -3°, which is essentially a north-south Tasman strike corresponding to the coastline. At longer periods the azimuth becomes 61°. The distortion parameters twist and shear shift from 4° to 1.5° and from -6° to -17°, respectively. The superficial strikes due to 2-D distortion were then calculated from the 3-D electric distortion parameters for all of the starred sites in Fig. 1 (Fig. 6) . Recall that the superficial strike is the strike of the distorting body. All but one of the sites show a superficial strike of approximately 0° (a north-south strike) at short periods (less than 1500 s). This shows that the superficial strikes of most of the sites parallel the coastline, and therefore the coastline appears to be causing the distortion. At long periods we see two effects. Sites sf3 and sf4 (closest to the coast) have superficial strikes that parallel the coast. Most of the remaining superficial strikes (sites se3, sf5, sf7, sg2, and possibly se5) parallel the spreading ridge. The sites closest to the ridge (se5, se6, sf8, sg4) do not seem to have strikes that correspond to geologic features. However, due to their proximity to the ridge and its associated rugged topography, they are subject to more complicated local 3-D effects. There is only a moderate shift in the electric distortion parameters for both 2-D and 3-D interpretations (i.e., twist and shear for 3-D, and superficial strike for 2-D), and hence both of these interpretations might appear to have comparable validity. However, the fact that the superficial strikes of these sites correspond to large scale 2-D features with good Tasman Sea site TP3 -E field distortion parameters Jio'
Period (s) Tasman site TP3 is located at 38°54' S, 159°50' E in the central region of the Tasman Sea, between the fossil spreading ridge and the Lord Howe Rise. The elements of the response function are shown in Fig. 7 . The x-axis is aligned with magnetic north (which is also approximately the strike of the coastline), and the y-axis is aligned with magnetic east. The diagonal terms, Zzs and Zyy, are not close to zero, thus suggesting either a 3-D structure or severe distortion. The Zzy term is larger in magnitude by about a factor of ten than Zyz. This suggests strong polarization of the electric field in the north-south direction (subparallel to the coastline).
As with EMSLAB site sea, site TP3 was first decomposed for electric field distortion only, assuming frequency-dependent distortion parameters. The parameters appear to be approximately frequency-independent, especially at short periods (other sites, such as TP4 are more clearly frequency-independent). The misfit is much smaller than in the EMSLAB data. However, the misfit does not lie below the 95% threshold at all frequencies. Electric field distortion forced to be frequency-independent also shows unacceptably high misfit. Unlike the EMSLAB data, imposing a transition zone with fixed distortion parameters above and below it did not improve the fit. The distortion parameters for frequency-dependent decomposition assuming both electric and magnetic field distortion behave in a frequency-independent manner, suggesting galvanic distortion (Fig. 8) . By considering magnetic distortion and forcing frequency-independence, most of the misfit can be brought below the 95% threshold. The misfit remains large at approximately 24 hours period, but this is clearly affected by Sq (the solar daily variation), and hence is not of concern. All of the Tasman sites were then processed simultaneously to yield a common azimuth of -42° with good misfit (Fig. 9) . Due to the 90° ambiguity of the azimuth, this is equivalent to ti 48°, which does not correspond to the strike of any obvious geological feature. The 2-D superficial strikes were then calculated from the 3-D electric distortion parameters (Fig. 10) . The inner sites (TP5, TP6, and TP7) all have an average superficial strike of approximately 20°, which is parallel to the coast of Australia. The outer sites (TP1, TP3, and TP4) have superficial strikes that correspond to that of the Lord Howe Rise and the fossil spreading ridge. As with the Juan de Fuca region, the 2-D distortion model appears to be appropriate because the 2-D features of the Tasman Sea correspond to the superficial strikes of the 2-D distortion model.
Discussion
The Tasman Sea and the Juan de Fuca plate are quite similar in some respects and quite different in others. Some of these similarities and differences are apparent from the MT data. In earlier EMSLAB analyses, Wannamaker et al. (1989a,b) discussed the existence of a highly conductive dipping layer beneath the Coast Range. It was suggested that this layer is associated with the upper decollement surface of the subducting slab. There is no active or fossil subduction occurring in the Tasman Sea, and therefore we might not expect to find such a conductive connection between the ocean and mantle in this region. These subsurface differences are seen in the response functions from the two regions. The response functions from the Tasman Sea exhibit strong polarization of the electric field in the north-south direction (approximately the trend of the coastline). The lithosphere under oceanic crust is much more resistive than that under continental crust, as seen by Wannamaker et al. (1989a,b) from EMSLAB data. The sharp gradient in resistivity at this ocean-continent boundary could cause the strong polarization seen in the region. The Juan de Fuca data do not show the same magnitude of electric field polarization. This is probably due to the existence of subduction at the continental margin. The highly conductive layer described by Wannamaker et al. (1989a,b) will short circuit the ocean to the deep mantle, thus preventing strong polarization. Tarits et al. (1993) show that even if the conductance of this path is much lower than that of the ocean, there is still a profound effect on the response.
The Tasman Sea and the Juan de Fuca plate do seem to suffer from similar types of MT distortion. For example, magnetic field distortion is necessary to explain the seafloor data at both sites. This is not usually true for MT analysis of land-based data except when a good surface conductor overlies a resistive crustal layer. The seafloor has a highly conductive layer (the ocean) over a relatively resistive layer (the uppermost lithosphere), and therefore has very strong regional electric currents. Deflection of these currents causes distortion of the magnetic field. Magnetic distortion appears to have a significant effect on both the Tasman Sea and Juan de Fuca data, and therefore should be considered in future analyses of seafloor MT data.
Another similarity is the type of electric distortion seen in both areas. The superficial strikes of both regions when interpreted in a 2-D sense were found to be aligned with their respective coasts and large-scale submarine features. This trend was seen all the way across the Juan de Fuca plate and across the even wider Tasman Sea, suggesting that the distortion in both cases is dominantly caused by large-scale features rather than small-scale distorting bodies. As discussed earlier, both types of distortion produce identical response tensors, and thus it is impossible to differentiate between the two without an ancillary source of information. In both cases, based on geological information, the coastlines and submarine features appear to be approximately 2-D. Previous work done in the Tasman Sea (Ferguson et al ., 1990) and at the southern end of the Juan de Fuca Ridge also suggest distortion effects due to large-scale bathymetry. Both seafloor regions are bordered by long, straight coastlines and ridges without significant azimuth changes along strike. Thus it seems likely that the distortion in both cases is caused by galvanic distortion from these large-scale, 2-D features. This demonstrates the need to consider both distortion models and some type of geological or geophysical data to determine which model is more appropriate. Note also that large-scale is a relative term, and the fact that the major distorting bodies have scales of hundreds of km does not imply a different physics than for land data at much higher frequencies because the underlying regional structures change even more slowly over space.
The approach taken in this paper differs in philosophy from previous attempts to directly model large scale bathymetry using numerical algorithms based on the the thin sheet approximation; typical examples would include the EMSLAB region and Tasman Sea efforts of and Heinson and Lilley (1993) . The numerical approaches discretize bathymetry which has typically been heavily smoothed and compute its electromagnetic influence using a Green function approach which includes inductive effects and assumes a model for the underlying lithospheric structure. While this includes all of the relevant physical processes, it does not easily allow the influence of galvanic and inductive distortion to be studied separately. It is also difficult to assess the extent of error induced by the numerous approximations which are required to implement the calculation. By contrast, the present approach is based on fitting a simple galvanic model to the observations. This model is treated in a statistical manner, and is rejected if the misfit exceeds a well-defined threshold. As a consequence, it is possible to conclude that the distortion in both the EMSLAB and Tasman regions can be explained by simple physics, and hence there is no need to introduce unnecessary complexity into their analysis.
